Stress exposure increases the risk of addictive drug use in human and animal models of drug addiction by mechanisms that are not completely understood. Mice subjected to repeated forced swim stress (FSS) before cocaine develop significantly greater conditioned place preference (CPP) for the drug-paired chamber than unstressed mice. Analysis of the dose dependency showed that FSS increased both the maximal CPP response and sensitivity to cocaine. To determine whether FSS potentiated CPP by enhancing associative learning mechanisms, mice were conditioned with cocaine in the absence of stress, then challenged after association was complete with the k-opioid receptor (KOR) agonist U50,488 or repeated FSS, before preference testing. Mice challenged with U50,488 60 min before CPP preference testing expressed significantly greater cocaine-CPP than saline-challenged mice. Potentiation by U50,488 was dose and time dependent and blocked by the KOR antagonist norbinaltorphimine (norBNI). Similarly, mice subjected to repeated FSS before the final preference test expressed significantly greater cocaine-CPP than unstressed controls, and FSS-induced potentiation was blocked by norBNI. Novel object recognition (NOR) performance was not affected by U50,488 given 60 min before assay, but was impaired when given 15 min before NOR assay, suggesting that KOR activation did not potentiate CPP by facilitating memory retrieval or expression. The results from this study show that the potentiation of cocaine-CPP by KOR activation does not result from an enhancement of associative learning mechanisms and that stress may instead enhance the rewarding valence of cocaine-associated cues by a dynorphindependent mechanism.
INTRODUCTION
In human beings, stress exposure increases cocaine craving and induces relapse of cocaine use (Sinha et al, 2006) , and in animal models, stressors facilitate cocaine self-administration, enhance conditioned place preference (CPP), and reinstate cocaine seeking (Goeders and Guerin, 1994; Haney et al, 1995; Shaham et al, 2000; McLaughlin et al, 2003; Covington and Miczek, 2005; Carey et al, 2007; Redila and Chavkin, 2008; Kreibich et al, 2009; Land et al, 2009) . Although the adaptive responses to stress are generally protective, repeated and uncontrollable stress exposure can increase the risk of mood disorders (Gold and Chrousos, 2002) . The mechanisms underlying these effects are still being resolved, but it is known that stress results in the release of important stress mediators including the dynorphin opioids (McLaughlin et al, 2003; Bruchas et al, 2007a; Land et al, 2008) . Dynorphins are a family of endogenous neuropeptides derived from a common precursor and sharing structural features conferring selectivity for the k-opioid receptor (KOR) (Chavkin and Goldstein, 1981; Chavkin et al, 1982; Chavkin, 2000) . In addition, the dynorphins seem to encode the dysphoric and aversive responses to stress (Koob and Le Moal, 2005; Land et al, 2008 Land et al, , 2009 Zhou et al, 2008; Knoll and Carlezon, 2010) . Together, these data suggest that KOR activation by endogenous dynorphins may mediate the negative affective changes caused by stress that increase drug addiction risk.
Earlier reports showed that prior activation of KOR potentiated the rewarding properties of cocaine subsequently administered in the CPP paradigm (McLaughlin et al, 2003; McLaughlin et al, 2006a, b) . In these studies, KOR activation was caused either by exposure to repeated forced swim stress (FSS), repeated social defeat stress (SDS), or pharmacological activation of KOR by the selective agonist U50,488. We interpret these data to suggest that KOR activation by endogenous dynorphins induces a dysphoric state that enhances the rewarding properties of the subsequently experienced euphorigenic drug; however, the underlying mechanisms by which dynorphin may alter cocaine-CPP responses are not yet known.
To define those mechanisms consistent with Pavlovian learning theory (Tzschentke, 2007) , the sequence of events during the CPP assay can be conceptualized as follows: (1) the animal is administered cocaine [an unconditioned stimulus (US)], (2) experiences a subjective rewarding euphorigenic effect [an unconditioned response (UR)], (3) learns to associate this UR with a specific environmental context [a conditioned stimulus (CS)], and when subsequently presented with the CS, (4) the animal exhibits approach behavior [a conditioned response (CR)] to the earlier cocaine-paired CS. The rewarding valence of the US is not static (Koob and Le Moal, 2008) , and the rewarding properties of cocaine ( Figure 1 ; coefficient a) and the valence of the cocaine-paired cues (Figure 1 ; coefficient c) may be controlled by external or internal parameters including the intrinsic hedonic state of the animal Le Moal, 2005, 2008; Koob and Kreek, 2007) . In the context of these experiments, rewarding valence is defined as the magnitude as well as the positive or negative sign of the hedonic response to cocaine.
On the basis of this conceptual scheme, the increase in the CR amplitude caused by earlier KOR activation could be a consequence of an increased rewarding valence of the cocaine ('a') or of the cocaine-associated cues ('c'). Alternatively, because stress exposure is also known to affect associative learning mechanisms (Schwarzer, 2009) and memory retrieval (de Quervain et al, 1998) , stressinduced dynorphin release may potentiate the CPP by enhancing the associative learning mechanisms ('b') or memory retrieval processes involved. To distinguish among these alternatives, we first measured the dose-response relationship of cocaine-CPP in non-stressed and stressed animals . We distinguished between the valence and the associative learning hypotheses by adjusting the temporal relationship between KOR activation and cocaine administration. We tested whether KOR activation before the final preference test, but after the associative learning phases were already complete, also increased the CR. We hypothesize that if KOR activation enhances associative learning events, then the potentiation would be evident only when KOR activation and cocaine were temporally associated during the conditioning phase, but if KOR activation affects the rewarding valence of the stimulus or associated cues, then KOR activation should also potentiate CPP if presented just before the CS as diagrammed in Figure 3a . Finally, we used the novel object recognition (NOR) assay to investigate the effects of KOR activation on memory retrieval and expression mechanisms.
MATERIALS AND METHODS

Animals and Housing
Male C57Bl/6 mice (Charles River Laboratories, Wilmington, MA) weighing 20-30 g were used. Mice were group housed, 2-4 per cage, in self-standing plastic cages (28 cm L Â 16 cm W Â 13 cm H) lined with 'Bed-o'Cobs' in an isolated, decentralized housing room. Housing room was maintained on a 12-h light/dark cycle (lights on at 1900 hours) with food pellets and water available ad libitum. Animal procedures were approved by the University of Washington Institutional Animal Care and Use Committee.
Drugs and Chemicals
Cocaine-HCl, norbinaltorphimine (norBNI)-HCl, and ( ± )U50,488 were provided by the National Institute of Drug Abuse Drug Supply Program (Bethesda, MD). Drugs were dissolved in 0.9% saline just before injection.
Forced Swim Stress
Wild-type (WT) C57Bl/6 mice were exposed to a modified Porsolt FSS as described earlier (Porsolt et al, 1977; Pliakas et al, 2001; McLaughlin et al, 2003) . For studies involving KOR activation before drug training (Figure 2a) , the experimental protocol was as described earlier (McLaughlin et al, 2003) . Studies involving KOR activation before the final preference test examined the effects of a single episode of stress exposure (Figure 4a ) or repeated stress exposure (Figure 4b ) in different sets of mice. To examine the effects of acute stress exposure, mice were exposed to one 15 min swim in 30 ± 11C water on day 4, 10 or 45 min before the final preference test. To examine the effects of repeated stress exposure, mice were exposed to one 15 min swim in 30 ± 11C water 2-4 h after completion of cocaine training on day 3, and then four 6 min swims in 30±11C water on day 4, 10 min before the final preference test. After each trial, mice were removed, towel dried, and returned to their home cage for at least 6 min before further testing. Time spent immobile was recorded using video capture (Canon ZR90) from above and analyzed using Noldus Ethovision software (version 3.0; Noldus, Wageningen, The Netherlands). To confirm dynorphin release and subsequent KOR activation Figure 1 A cartoon diagramming the components underlying the CPP training paradigm. Conditioned place preference (CPP) is a technique used to evaluate preference for environmental stimuli that have been associated with a rewarding or aversive stimuli. In this conceptual analysis, the unconditioned stimulus (US) is cocaine, which produces an unconditioned response (UR) as a consequence of its euphorigenic (rewarding) effects. Stress experienced before cocaine may adjust the magnitude of the UR caused by cocaine (ie its valence) by the action of dynorphin on KOR (coefficient 'a'). Conditioned stimuli (CS) are the environmental cues in the CPP-conditioning chamber that become associated with the UR during the training phase. Factors controlling the strength of the associative learning events are denoted by coefficient 'b.' The conditioned response (CR) is the approach behavior to the drug-associated CS cues assessed during the final preference test, and we are testing the hypothesis that KOR activation may also affect the response to the CS by affecting the rewarding valence or memory retrieval processes controlling the amplitude of coefficient 'c.' after FSS, a modified warm water (52.51C) tail-withdrawal assay was used (McLaughlin et al, 2003) .
Conditioned Place Preference
WT C57Bl/6 mice were used in a three-compartment placeconditioning apparatus as described earlier (McLaughlin et al, 2003) . The CPP apparatus consisted of two large Plexiglas outer compartments separated by a smaller inner compartment. The two outer compartments were made visually distinct with 2.5 cm wide alternating black and white strips oriented either vertically or horizontally, whereas the smaller inner chamber was completely white. Movement through each compartment was recorded using video capture (Canon ZR90) from above and analyzed using Noldus Ethovision software (version 3.0; Noldus, Wageningen, The Netherlands).
For studies involving KOR activation before CPP training (Figure 2a) , the experimental protocol was as described earlier (McLaughlin et al, 2003) . Briefly, on day 1 of testing, initial place preference bias was assessed by placing each animal in the small central compartment and recording time spent in each compartment while having free access to the entire apparatus for 30 min. After initial preference testing, some mice were exposed to FSS. On days 2 and 3, mice received cocaine (15 mg/kg, s.c.) in the morning and confined to their drug-paired compartment for 30 min, and then 4 h later received saline (10 ml/kg of body weight, s.c.)
in the afternoon and confined to their assigned salinepaired compartment for 30 min. On day 2, cocaine training began within 10 min of the last FSS trial. On day 4, the final preference test was assessed by placing each animal in the small central compartment and allowing free access to the entire apparatus for 30 min and recording time spent in each compartment. On the basis of this behavioral protocol, it is conceivable that the chamber associated with exposure to FSS may become positively associated with 'relief from stress.' We earlier addressed this potential confound by training animals with saline in both chambers, but having one of the chambers consistently associated with removal from the second day of FSS (the 'relief' chamber). Vehicleconditioned animals did not show a preference or aversion to the 'relief' chamber when either unstressed or exposed to FSS (McLaughlin et al, 2003) .
For studies involving KOR activation before the final preference test, the outer-compartment floors were both covered with a depth of approximately 1-2 cm of shredded wood chip bedding (Beta chip, NEPCO, Warrensburg, NY), whereas the center chamber remained uncovered. To ensure a low basal stress level, experimental animals were briefly handled each day for 4 days and each mouse received one mock s.c. and one mock i.p. injection before behavioral testing ('mock' means needle inserted, but no fluid injected). On day 1 of testing, initial place preference bias was assessed by placing each animal in the small central compartment and recording time spent in each compartment while having free access to the entire apparatus for 30 min; mice spending 4720 s in the inner chamber or spending double the amount of time in one of the outer chambers over the other outer chamber were excluded from the study (n ¼ 34). An unbiased design was used: approximately half the animals received cocaine in their non-preferred chamber (n ¼ 134) and half in their preferred chamber (n ¼ 130), and pretest time spent in the subsequently drug-paired box was equivalent to pretest time spent in the subsequently saline-paired box (drug-paired box mean ¼ 669±9.3 s (n ¼ 264); saline-paired box mean ¼ 680 ± 10.3 s (n ¼ 264); unpaired samples t-test; p40.05). On days 2 and 3, mice received saline (10 ml/kg of body weight, s.c.) in the morning and confined to their assigned saline-paired compartment for 30 min, and then 4 h later received cocaine (15 mg/kg, s.c.) in the afternoon and confined to their drug-paired compartment for 30 min. On day 4, the final preference test was assessed by placing each animal in the small central compartment and allowing free access to the entire apparatus for 30 min and recording time spent in each compartment. Cocaine-CPP scores were calculated as time spent in the drug-paired compartment pre-training subtracted from time spent in the drug-paired compartment post-training and plotted using Graph Pad Prism 4.0 (San Diego, CA). For studies involving U50,488 administration before the final preference test, animals were administered saline (10 ml/kg of body weight, i.p.) 60 min earlier or U50,488 (5 mg/kg, i.p.) 5, 30, 60, 90, or 120 min before beginning the final preference test. Another set of animals were administered U50,488 (2.5, 5, or 10 mg/kg, i.p.) 60 min before beginning the final preference test. Some animals received norBNI (10 mg/kg, i.p.) 2-18 h before administration of either saline or U50,488 (5 mg/kg, i.p.) 60 min before beginning the final preference test. The Mice were exposed to repeated FSS or allowed to remain in their home cage without swimming, before 2 days of cocaine and saline conditioning (see Materials and methods). (b) Mice were trained using cocaine doses of either 1, 3, 5, 10, 15, or 30 mg/kg (s.c.) and subsequent place preference times were measured to generate dose-response relationships for stressed and unstressed animals. Data show a potentiation of cocaine-CPP in animals exposed to FSS before training as compared with untreated controls. Data are mean±SEM. Untreated control mice trained with 10, 15, or 30 mg/kg cocaine showed significant place preference. * denotes po0.05, one-sample t-test, n ¼ 9-22 mice. FSS caused a significant potentiation compared with unstressed controls at 3, 10, or 15 mg/kg cocaine; & denotes po0.05, two-way ANOVA followed by Fisher's LSC multiple-comparison post hoc test, n ¼ 9-22 mice.
norBNI's antagonistic effects are maximal at 1 h after administration and persist 421 days (Bruchas et al, 2007b) . For studies involving acute FSS exposure before the final preference test, animals were exposed to one 15 min FSS 10 or 45 min before beginning the final preference test. Some animals received norBNI (10 mg/kg, i.p.) 2-18 h before exposure to one 15 min FSS 10 min before beginning the final preference test. For studies involving repeated FSS exposure before the final preference test, animals were exposed to one 15 min FSS 4 h after completion of cocaine training on day 3. On day 4, animals were exposed to four 6 min swims and began the final preference test 10 min after FSS completion. Some animals received norBNI 2 h before exposure to FSS on day 3.
Novel Object Recognition (NOR) Assay
The effects of KOR agonist administration on memory retrieval was assessed using the NOR assay. The NOR assay depends on an animal's natural tendency to explore a novel object more than a familiar object (Ennaceur and Delacour, 1988 ). To ensure a low basal stress level, experimental animals were briefly handled each day for 5 days, and each mouse received one mock i.p. injection before behavioral testing. On days 1-3, animals were habituated in the empty open field for 30 min. Multiple habituations were used to further lower basal stress levels. On day 4, animals received three 6 min training sessions each separated by 10 min in which they were presented with two identical objects (A1 and A2). The objects were coverslip boxes and were placed opposite each other 3.5 cm from each wall (see Figure 5bi. ) On day 5, animals were administered saline 60 min earlier or U50,488 (5 mg/kg, i.p.) 15 or 60 min before beginning the 6 min NOR test. Some animals were pretreated with norBNI (10 mg/kg, i.p.) 2 h before saline or U50,488 administration. In the NOR test, animals were exposed to a familiar object (A2) and a novel object (B) (see Figure 5bi ). The novel object was a top from a 1 l bottle and A2 and B were placed in the same locations as A1 and A2 were placed in the training sessions. Object exploration was measured by stopwatch, and 'exploration' was defined as sniffing or touching the object with the nose. Behavior was not scored as 'exploration' when the animal was using the object to rear up or when the animal was sitting on the object. Data are expressed as a recognition index (RI). For each training session, RI ¼ time exploring A1/(total time spent exploring A1 + A2), and for the NOR test, RI ¼ time exploring B/(total time spent exploring B + A2). To ensure that a pre-training bias did not exist for one object over the other, a separate group of mice were habituated to the open field for 30 min and then 10 min later received a NOR test. No basal differences in exploration of objects A and B were detected (RI ¼ 0.49 ± 0.02, n ¼ 8). To assess locomotion, each session was recorded using video capture (Canon ZR90) from above and analyzed using Noldus Ethovision software.
Data Analysis
Data are expressed as means ± SEM. Differences between groups were determined using one-way ANOVA followed by Dunnet's post hoc (for comparisons between relevant groups to the control group) or Bonferroni's post hoc test if the main effect was significant at po0.05. Difference in maximal response was determined using a paired or unpaired samples t-test. For experiments having a 2 Â 2 factorial design, two-way ANOVAs followed by Fisher's LSC multiple-comparison post hoc test or Bonferroni's post hoc test if an interaction effect was significant at po0.05. For the NOR assay, within-group comparisons were made using a paired samples t-test to determine whether there was an increase in RI from the training phase to the testing phase. Statistical analyses were conducted using Graph Pad Prism 4.0 (San Diego, CA).
RESULTS
FSS Before CPP Training Changes the Cocaine-CPP Dose-Response Relationship
Earlier reports have shown that activation of the KOR system before cocaine-CPP training, either through administration of the k-agonist U50,488 or exposure to FSS, produce a time-dependent potentiation of cocaine-CPP (McLaughlin et al, 2003; McLaughlin et al, 2006a) . Mice in those studies were trained using 15 mg/kg (s.c.) cocaine only; therefore, we first determined the dose-response relationship for cocaine-CPP after FSS and for non-stressed controls. In non-stressed controls, doses of 10, 15, and 30 mg/kg cocaine gave equivalent CPP responses (10 mg/kg mean ¼ 324 ± 43.2 s (n ¼ 12), 15 mg/kg mean ¼ 334 ± 40.2 s (n ¼ 22), 30 mg/kg mean ¼ 297±47.5 s (n ¼ 16), one-way ANOVA; F 2, 49 ¼ 0.19, p40.5) (Figure 2 ). Mice subjected to repeated FSS before 3, 10, or 15 mg/kg cocaine conditioning showed enhanced CPP responses (3 mg/kg mean ¼ 346 ± 46.1 s (n ¼ 17), 10 mg/kg mean ¼ 462 ± 49.6 s (n ¼ 15), 15 mg/kg mean ¼ 488 ± 59.0 s (n ¼ 11), one-way ANOVA; F 2, 40 ¼ 2.29, p40.5). The CPP responses were significantly potentiated at each of these doses (two-way ANOVA; main effect of swim, F 1, 129 ¼ 7.54, po0.05; main effect of cocaine dose, F 4, 129 ¼ 11.54, po0.0001; interaction of swim cocaine dose, F 4, 129 ¼ 2.45, po0.05; Fisher's LSD multiple-comparison post hoc test, po0.05) (Figure 2 ). In contrast, FSS did not significantly potentiate the CPP response to 30 mg/kg (Figure 2 ). The effect of FSS under these training conditions was to shift the cocaine-CPP doseresponse curve upward (as shown by significantly enhanced response at 3, 10, and 15 mg/kg cocaine) and to the left (as shown by a significant preference at 3 mg/kg cocaine for FSS exposed animals, but not in mice not subjected to FSS). Analysis of the dose-response relationship indicates that the potentiation was not solely observed at one dose and suggests that the rewarding properties of cocaine were generally increased by earlier stress exposure. The lack of potentiation at 30 mg/kg cocaine is consistent with earlier reports of an inverted U-shaped cocaine dose response (Bardo et al, 1995; Caine et al, 2000; Tzschentke, 2007) .
Potentiation of Cocaine-CPP After Direct KOR Agonist-Induced Activation Before Expression of Cocaine-CPP Mice were trained in the standard cocaine-CPP protocol using 15 mg/kg cocaine (s.c.) without experiencing either U50,488 or FSS before the conditioning sessions. On day 4, cocaine-conditioned mice were administered U50,488 (5 mg/kg, i.p.) 5, 30, 60, 90, or 120 min before final preference testing (as illustrated in Figure 3a) . KOR activation by U50,488 60 min before expression of cocaine-CPP significantly potentiated cocaine-CPP compared with saline-pretreated mice (n ¼ 10-21; one-way ANOVA; F 5, 83 ¼ 4.96, po0.0005; Dunnet's post hoc U50,488-60 min (n ¼ 21) vs saline (n ¼ 21), po0.05). In contrast, KOR activation 5, 30, 90, or 120 min before expression of cocaine-CPP did not significantly alter place preference expression (p40.05) (Figure 3a) . We also asked whether potentiation of cocaine-CPP after KOR activation by U50,488 before the final preference test was dose dependent by administering either 2.5, 5, or 10 mg/kg U50,488 (i.p.) at 60 min before expression of cocaine-CPP. Significant cocaine-CPP potentiation was obtained at the U50,488 dose of 5 mg/kg (n ¼ 12-21; one-way ANOVA; F 3, 68 ¼ 3.09, po0328; Dunnet's post hoc U50,488-5 mg/kg (n ¼ 21) vs saline (n ¼ 21), po0.05), but was absent at 2.5 and 10 mg/kg U50,488 (p40.05), although there was a trend toward significance at 10 mg/kg U50,488 (Figure 3c ). The narrow dose-effect window may be a consequence of the hypo-locomotor effects at 10 mg/kg U50,488 as compared with 2.5 or 5 mg/kg U50,488 (Kuzmin et al, 2000) .
Potentiation of Cocaine-CPP by Direct KOR AgonistInduced Activation Before Expression of Cocaine-CPP is Blocked by norBNI Pretreatment
To confirm KOR mediation, mice were pretreated with the selective k-receptor antagonist norBNI (10 mg/kg, i.p.). Pretreated mice did not show potentiation of cocaine-CPP after U50,488 (5 mg/kg, i.p.) administration 60 min before the final preference test (n ¼ 10-19; two-way ANOVA; interaction of norBNI Â U50,488, F 1, 66 ¼ 9.00, po0.004; followed by Bonferroni's post hoc, U50,488 (n ¼ 21) vs norBNI + U50,488 (n ¼ 19) po0.01) (Figure 3d ). In addition, norBNI alone did not affect expression of cocaine-CPP as saline controls and mice administered norBNI before administration of saline show comparable cocaine-CPP. These results suggest that potentiation after U50,488 administration before expression of cocaine-CPP is mediated by activation of the KOR system.
Potentiation of Cocaine-CPP After Repeated FSS, but Not Acute FSS, Before Expression of Cocaine-CPP
To assess whether acute exposure to FSS would also potentiate cocaine-CPP when given after conditioning, mice were exposed to one 15 min FSS episode and then began preference testing within 10 min of being taken out of the NorBNI alone had no effect on cocaine-CPP as compared with saline-treated animals. * denotes po0.05, significant difference in cocaine-CPP of U50,488-treated mice as compared with saline controls, ** denotes po0.01, significant difference in cocaine-CPP of U50,488-treated animals as compared with norBNI pretreated, U50,488-treated animals, two-way ANOVA followed by Bonferroni's post hoc test, n ¼ 10-19. Data are mean ± SEM.
water and towel dried ( Figure 4a ). As evident in Figure 4c , mice exposed to a single FSS episode did not show potentiation of cocaine-CPP (n ¼ 11-20; one-way ANOVA; F 3, 64 ¼ 0.953, p40.05 compared with non-stressed saline controls). Pretreatment of acutely stressed animals with 10 mg/kg norBNI (i.p.) also did not affect cocaine-CPP (Figure 4c ). To confirm that the single FSS exposure released dynorphin, a modified warm water tail-withdrawal assay was used (McLaughlin et al, 2003) . As earlier shown, the single 15 min episode of FSS produced significant norBNI-sensitive increase in tail-withdrawal latency (mean pre-swim ¼ 1.41±0.08 s; post-swim ¼ 3.4±0.19 s, norBNI-treated pre-swim ¼ 1.15 ± 0.07 s, norBNI-treated post-swim ¼ 1.98 ± 0.14 s; n ¼ 18-20; two-way ANOVA; interaction of norBNI times swim, F 1, 73 ¼ 5.82, po0.018).
Potentiation was seen after U50,488 administration at 60, but not 30 min before the final preference test. The acute swim began 25 min before the final preference test and thus may not have resulted in potentiation because this time point fell before the required hour time point seen with U50,488. Therefore, a different set of animals was exposed to one 15 min FSS and then began the final preference test 45 min after being taken out and towel dried ( Figure 4a) . As with the acute swim occurring 25 min before the final preference test, these animals did not display cocaine-CPP potentiation as compared with control animals (n ¼ 11-20; one-way ANOVA; F 3, 64 ¼ 0.9525, p40.05) (Figure 4c) . As with the 25 min group, these animals also showed an increase in tail-withdrawal latency (mean preswim ¼ 1.8±0.07 s; post-swim ¼ 3.1±0.24 s), suggesting that the dynorphin/KOR system was activated.
To assess whether repeated exposure to FSS would potentiate cocaine-CPP when given after conditioning, mice were exposed to one 15 min FSS on day 3, 2-4 h after completion of cocaine associative learning and four 6 min swims on day 4, ending 10 min before expression of place preference (Figure 4b ). Mice exposed to repeated FSS showed significant potentiation of cocaine-CPP as compared with saline controls (n ¼ 10-21; one-way ANOVA; F 2, 39 ¼ 4.14, po0.023; followed by Bonferroni's post hoc, saline (n ¼ 21) vs saline + swim (n ¼ 10) po0.05) (Figure 4d ). The magnitude of potentiation was equivalent to that produced by direct KOR activation through administration of U50,488 (5 mg/kg, i.p.) 60 min before final preference test (mean U50,488-60 min ¼ 334 ± 32.1 s; n ¼ 21; mean FSS ¼ 319±39.8 s; n ¼ 10). The potentiation produced by repeated FSS was blocked by pretreatment with KOR antagonist norBNI (10 mg/kg, i.p.); administration of norBNI 2 h before the first FSS on day 3 produced a subsequent cocaine-CPP response that did not significantly differ from untreated saline controls, but did differ from repeated FSS animals pretreated with saline (Bonferroni's post hoc, saline (n ¼ 21) vs swim + norBNI (n ¼ 13) p40.05 and swim (n ¼ 10) vs norBNI + swim (n ¼ 13) po0.05). After the second day of FSS, tail-withdrawal latencies were also significantly increased in a norBNI-sensitive manner (mean pre-swim ¼ 1.84±0.16 s, post-swim ¼ 2.98±0.15 s, norBNI-pretreated pre-swim ¼ 1.74 ± 0.11 s, norBNI-pretreated post-swim ¼ 2.2 ± 0.18 s; n ¼ 10-20; two-way ANOVA; interaction of norBNI times swim, F 1, 37 ¼ 12.45, po0.032) confirming that stress-induced dynorphin release was initiated after repeated FSS. Together, these results suggest that KOR activation by either agonist or repeated FSS, but not acute FSS, induced release of endogenous dynorphins to enhance the rewarding valence of the cocaineassociated cues.
U50,488 Administration 60 min Before NOR Testing Does Not Alter Memory Retrieval
The NOR assay was used to investigate the effects of KOR agonist-induced activation on memory retrieval (Ennaceur and Delacour, 1988) . Mice were given saline (10 ml/kg of body weight, i.p.) or U50,488 (5 mg/kg, i.p.) 60 min before NOR testing on day 5 (Figure 5a ). Saline-treated mice displayed an increase in RI during NOR testing as compared with the NOR training phase (n ¼ 16; paired samples t-test; po0.005) (Figure 5c ). Animals administered U50,488 60 min before NOR testing also showed an increase in RI during NOR testing as compared with the NOR training phase (n ¼ 12; paired samples t-test; po0.0001). Separate groups of animals were pretreated with norBNI (10 mg/kg, i.p.) 2 h before saline or U50,488 administration. Animals pretreated with norBNI and then administered saline before NOR testing displayed an increase in RI (n ¼ 10; paired samples t-test; po0.003) and animals pretreated with norBNI and then administered U50,488 60 min before NOR testing also displayed an increase in RI (n ¼ 8; paired samples t-test; po0.04). All four groups showed equivalent RIs during training and equivalent RI increase during NOR testing (training: n ¼ 8-16; one-way ANOVA; F 4, 47 ¼ 2.2, p40.05; testing: n ¼ 8-16; one-way ANOVA; F 4, 47 ¼ 1.8, p40.05) (Figure 5c ).
As KOR activation can produce anxiety-like responses (Knoll et al, 2007; Bruchas et al, 2009b) , we recorded distance traveled during the NOR test and found no (b, i) Representative picture of the NOR testing chamber. The object of the left is the novel object (B) and the object on the right is the familiar object (A2). During training, novel object B was replaced with another object identical to A2 and is called A1. (b, ii) Representative trace of a 6 min locomotion pattern for an animal administered saline 60 min before NOR testing. (b, iii) Representative trace of a 6 min locomotion pattern for an animal administered U50,488 60 min before NOR testing. (c) U50,488 treatment 15, but not 60 min before NOR testing inhibits memory retrieval. The recognition index (RI) increase from training session to NOR testing does not differ for animals administered U50,488 60 min before NOR testing as compared with saline controls. Pretreatment with norBNI also does not change the RI increase as compared with saline controls. Animals receiving U50,488 15 min before NOR testing show an inhibition of memory retrieval. * denotes po0.05 significant increase in RI from training to testing sessions, paired samples t-test, n ¼ 8-16. (d) Locomotion in NOR testing does not change after either U50,488 and/or norBNI administration. There were no significant differences between treatment groups. N.S. p40.63, one-way ANOVA, n ¼ 8-16. Data are means±SEM.
difference across the groups (n ¼ 8-16; one-way ANOVA; F 4, 47 ¼ 0.7, p40.05) (Figure 5d ). Both saline-and U50,488-treated animals crossed the center of the open field and representative traces of locomotion are shown for saline (Figure 5bii )-and U50,488 (Figure 5biii )-treated animals. Earlier reports showed an effect of acute KOR activation on memory retrieval (Castellano et al, 1988; Daumas et al, 2007) ; therefore, we also investigated the effects of acute U50,588 administration on NOR retrieval. Animals receiving U50,488 (5 mg/kg, i.p.) 15 min before NOR testing did not display a significant increase in RI (n ¼ 8; paired sample t-test; p40.07) (Figure 5c ) confirming that acute U50,488 administration inhibits memory retrieval.
DISCUSSION
The principal finding of this study is that KOR activation before the presentation of cocaine-associated cues enhances approach behaviors to those cues. On the basis of our evidence, the alternative hypotheses that KOR mediated potentiation of cocaine-CPP is dependent on enhanced associative learning mechanisms or memory retrieval were not supported. These results suggest that the stress-induced potentiation of cocaine-CPP described earlier (McLaughlin et al, 2003 (McLaughlin et al, , 2006a may be caused by a dynorphin/KORdependent increase in the rewarding valence of cocaine and cocaine-associated cues.
To investigate the possibility that stress may shift the pharmacological dose-response relationship between cocaine and subsequent place preference, we characterized the amount of place preference conditioned by administering different doses of cocaine to mice that had either been exposed or not to FSS. These data suggest that FSS-treated animals show a leftward shift in their cocaine doseresponse relationship as FSS-treated animals showed a significant preference for 3 mg/kg cocaine, whereas control, unstressed animals did not. In addition, the potentiation of cocaine-CPP does not seem to be equivalent to an increase in dose; maximal cocaine-CPP response was significantly greater in those animals exposed to FSS than those not exposed. This result is consistent with Haile et al (2001) who showed a leftward shift in the dose-response relationship for cocaine-CPP after chronic unpredictable stress in rats. In addition, rhesus monkeys trained to choose between cocaine and food that were administered U50,488 also showed a leftward shift in the cocaine-choice, doseresponse curve, and a decrease in ED 50 for U50,488-treated animals at 0.32 mg/kg/h cocaine (Negus, 2004) .
Interestingly, mice trained on 30 mg/kg cocaine did not show a significant potentiation of cocaine-CPP after FSS exposure. Earlier studies have shown that cocaine has an inverted U-shaped dose response in which the highest doses produce a diminished response (Bardo et al, 1995; Caine et al, 2000; Tzschentke, 2007) . This inverted U-shaped dose-response curve in a CPP assay is rationalized as resulting from aversive effects of high cocaine doses. The lower response of FSS-treated mice at 30 than 15 mg/kg cocaine is consistent with a leftward shift in the inverted U-shaped dose response. Although a full inverted U-shaped dose-response curve was not generated for control mice in this study, it seems plausible that doses higher than 30 mg/kg would be aversive and decrease place preference based on published work (Bardo et al, 1995; Caine et al, 2000; Tzschentke, 2007) . Haile et al (2001) also found similar results; rats exposed to chronic unpredictable stress showed a potentiated place preference to 5 mg/kg cocaine as compared with controls, but a lower response to 7.5 mg/kg cocaine, suggesting an inverted U-shaped dose response for animals exposed to unpredictable stress. Interestingly, control animals in that earlier study also did not show a full inverted U-shaped dose response, which is similar to the dose response generated using our control mice. Thus, our data fit with the model that stress causes shifts in the doseresponse relationship, and we conclude that FSS exposure increases the apparent efficacy for cocaine. The increase in apparent cocaine efficacy seen after FSS may contribute to a dynorphin/KOR-dependent increase in the rewarding valence of cocaine and cocaine-associated cues and thus underlie stress-induced potentiation of cocaine-CPP.
The alternative explanation that stress-induced dynorphin release may potentiate cocaine-CPP amplitude by enhancing associative learning processes was also plausible (Schwarzer, 2009) . However, dynorphin is generally thought to suppress learning mechanisms, and activation of KOR blocks LTP induction in the hippocampus (Wagner et al, 1993) , an important neuronal process and brain region for learning and memory. In addition, animals having elevated hippocampal dynorphin levels show memory deficits, not enhancements (Sandin et al, 1998) . CA3 hippocampal microinjections of U50,488 decreased context-induced freezing in a fear-conditioning paradigm (Daumas et al, 2007) , and earlier exposure to FSS produced deficits in an NOR task (Carey et al, 2009) , suggesting a negative effect of KOR activation on learning. However, after administration of various KOR agonists, some reports have shown positive effects on learning (Hiramatsu and Hoshino, 2004; Hiramatsu and Watanabe, 2006; Kuzmin et al, 2006) , although in these earlier studies, norBNI did not completely reverse the effects and thus the agonist may be acting through non-ê-opioid sites. In this study, potentiation of cocaine-CPP could be evoked by stress-induced dynorphin release or U50,488-induced KOR activation after the conditioning had been completed, thus we conclude that an enhancement of associative learning mechanisms was not responsible.
The other phases of learning and memory subsequent to the initial associative learning phase are 'consolidation,' 'retrieval,' and 'expression' processes. Consolidation occurs during the hours after a learning event (McGaugh et al, 1996; McGaugh and Roozendaal, 2009) , and could potentially be affected by KOR activation. However, U50,488 administration 30 min after cocaine conditioning failed to affect place preference (McLaughlin et al, 2006a) . In the present paradigm, the potentiation of cocaine-CPP by U50,488 occurred 424 h after the associative learning sessions were completed. Thus, we conclude that an effect on consolidation mechanisms is unlikely.
Acutely, KOR activation has been shown to inhibit memory retrieval (Castellano et al, 1988) , and this was confirmed in this study using the NOR test. When U50,488 was administered before passive avoidance testing, mice displayed decreased memory retention (Castellano et al, 1988 , de Quervain et al, 1998 . In addition, rats showed a decreased performance in a water-maze spatial memory task after footshock given before retention testing (de Quervain et al, 1998) . One advantage of the NOR test of memory retrieval for this analysis of stress mechanisms is that both the passive avoidance and the water-maze assay are inherently stressful to the animal, whereas NOR is not (Ennaceur and Delacour, 1988) . Although a separate effect on memory expression could not be distinguished from an effect on retrieval in the NOR assay, no evidence of enhancement of either retrieval or expression by agonistinduced KOR activation was evident in this study. Lack of enhancement theoretically may have been the result of a ceiling effect in the NOR assay, although based on earlier literature showing an inhibitory, not enhancing, effect of stress or KOR activation on memory retrieval, this alternative explanation seems unlikely. In summary, because KOR activation acutely suppresses learning and memory mechanisms and no enhancement of these parameters was evident during the critical time interval necessary for KORdependent enhancement of cocaine-CPP, the most parsimonious explanation for the potentiation of CPP is that KOR activation enhanced the rewarding valence of cocaine without affecting associative learning mechanisms responsible for acquisition, consolidation, retrieval, or expression.
The potentiation of cocaine-CPP by repeated FSS or U50,488 was blocked by norBNI pretreatment in this study, and in earlier studies, potentiation was not evident in knockout mice lacking functional dynorphin of KOR genes (McLaughlin et al, 2003 (McLaughlin et al, , 2006a . These results indicate that stress-induced release of dynorphin and subsequent activation of the KOR system mediates the potentiation of cocaine reward. Although dynorphin-dependent effects are evident after an acute swim session (Redila and Chavkin, 2008; Bruchas et al, 2009b) , multiple swims are required to see stress-dependent effects such as immobility in the FSS (McLaughlin et al, 2003) and activation of the mitogenactivated protein kinases (MAPK) p38 and extracellular signal-regulated kinases (Bruchas et al, 2007a . In addition, activation of p38 MAPK is required for KORmediated place aversion (Bruchas et al, 2007a; Land et al, 2009) ; therefore, lack of cocaine-CPP potentiation seen after a single FSS may be a result of lack of p38 MAPK activation and the animal's subsequent aversive experience. In contrast, p38 MAPK activation is evident after a single injection of U50,488, which suggests that pharmacological activation may be a more sustained or robust stimulus. Consistent with this distinction, a single injection of U50,488 was found to potentiate CPP in this study, whereas multiple FSS trials were required.
Stress-induced potentiation of the rewarding properties of drugs of abuse has been earlier established (Piazza et al, 1990; Will et al, 1998; McLaughlin et al, 2003; Covington and Miczek, 2005; Koob and Kreek, 2007) . Stress or direct KOR activation has also been shown to reinstate cocaine-CPP (Sanchez and Sorg, 2001; Carey et al, 2007; Redila and Chavkin, 2008; Land et al, 2009 ). Stress-induced dynorphin release and pharmacological activation of KOR also results in conditioned place aversion (CPA) in rodents (Shippenberg and Herz, 1986; Land et al, 2008) , and k-agonists induce reports of dysphoria in human beings (Pfeiffer et al, 1986) . Whether the dynorphin-dependent mechanisms underlying potentiation, reinstatement, and aversion are identical is not yet clear. They may have roots in similar dysphoria/anxiety mechanisms or may result from actions on distinct neuronal circuits. Further analysis of the brain circuits, cellular sites, and signaling mechanisms responsible will be important in identifying the fundamental mechanisms.
The concept that modulation of hedonic state can affect cocaine valence and subsequent motivation has been earlier suggested (Ahmed et al, 2002; Negus, 2004; Solinas et al, 2008) and draws from the allostatic model of addiction (Koob and Le Moal, 2008; Bruchas et al, 2010) . Ahmed et al (2002) showed that increases in intracranial self-stimulation (ICSS) threshold lead to increases in cocaine intake and attributed these effects to a decrease in hedonic state resulting from prolonged cocaine withdrawal. Using a concurrent self-administration procedure, Negus (2004) investigated the effects of U50,488 on cocaine self-administration in rhesus monkeys. Importantly, the author attributes the U50,488 induced leftward shift in the cocaine-choice dose-effect curve to increased reinforcing value of cocaine in comparison with food. Alternatively, Solinas et al (2008) showed that environmental enrichment, a manipulation shown to be anti-depressive, attenuated cocaine-CPP. KOR activation produces dysphoria in human beings (Pfeiffer et al, 1986) and depression-like behaviors in rodents (Mague et al, 2003) . Specifically KOR activation results in swim stress-induced immobility and social defeat behaviors during SDS (McLaughlin et al, 2003 (McLaughlin et al, , 2006b ) and an increase in ICSS (Carlezon et al, 2006; Tomasiewicz et al, 2008) . More recent work has examined the effects of KOR activation on the motivational effects of stress (Land et al, 2008) . In this study, mice that learned to associate a neutral odorant with FSS later showed CPA to that odorant. Dynorphin gene deletion or administration of the selective KOR antagonist norBNI blocked this avoidance behavior. In addition, direct KOR activation, through treatment with the k-agonist U69593, results in CPA (Shippenberg and Herz, 1986) . Although this study did not directly test the conclusion that KOR activation can modulate reward valence, from the current results and earlier data, it is plausible to hypothesize that KOR activation produces hedonic deficits that may subsequently increase the rewarding and motivational properties of cocaine and/or associated cues to return the animal to a state of hedonic equilibrium.
In conclusion, this study supports the hypothesis that KOR activation potentiates place preference by modulating the valence of cocaine and/or cocaine-associated cues and suggests a possible mechanism for stress-induced potentiation of cocaine-CPP. This study highlights the potential for the dynorphin/KOR system as drug targets for treatment of disorders such as addiction and depression.
